Abstract-A broadband dual-polarized four-port (DPFP) antenna is presented in this paper, which consists of a radiation element and a feed network. It is very compact in size, with the diameter of 150.0 mm and the height of 47.0 mm, with the following unique properties: (1) it has hybrid beam-forming capability and operates at two modes, which depends on its excitation; (2) its operating frequency range is from 0.96 to1.78 GHz, and the return loss is about 10 dB; (3) its insertion loss is (3 ± 0.5) dB, with its balanced power splitting over the relative bandwidths of 37% at Mode 1 (180 • ± 5 • phase shifting) and 55% at Mode 2 (±5 • phase shifting), respectively; (4) an isolation of 30 dB at Mode 1 is obtained between the dual polarized ports, with the gain of 7.6 dBi and 42 • of the 3 dB-bandwidth at 1.25 GHz; and (5) the gain difference between Modes 1 and 2 is about 7 dB, within the angle of −15 • ≤ θ ≤ 15 • for the same polarization at 1.25 GHz. For the application of DPFP, a hybrid beam forming algorithm is proposed with an angular precision of 7 • and is validated by measurement.
INTRODUCTION
It is well known that various wireless communication systems [1] require many small antennas with broad impedance bandwidth, high isolation between orthogonal linear polarized signals, non-center feeding structures and fast beam-forming function. However, it is difficult for conventional planar antennas to meet these requirements, such as a center-fed spiral antenna [2] , planar inverted-F antenna PIFA [3] and a single-fed microstrip antenna [4, 5] , etc. On the other hand, multiple antennas [6, 7] and their based beamforming [8] [9] [10] [11] also can not be used in this systems because of their un-acceptable large array size reasons.
To the best of our knowledge, in order to meet the above requirements, multi-port antennas have been proposed recently in [12] , where different excitation and termination states are introduced. Further, these multi-port loading antennas were presented in [13] [14] [15] [16] , respectively, with miniaturized geometries, broadband and reconfigurable radiation pattern capabilities obtained. However, due to limited small physical space, there are two remaining challenges with the multi-port antennas, i.e., fast narrow beam forming and port isolation for multi-port antenna designs and realizations.
In this paper, we propose a compact broadband dual-polarized four-port (DPFP) antenna. The antenna is capable of achieving high port isolation and fast narrow beam which results to its target tracking capability with accuracy of 7 • . By "tracking" we mean the ability of the antenna to detect the target moving into the perimeter of a cone that has the apex at the center of the antenna aperture. The DPFP antenna operates over the frequency range from 0.96-1.78 GHz and has at least 30 dB isolation between the dual linearly polarized ports. To achieve the design target, a hybrid fast beam forming approach is employed by combining both the switched RF sumdifference beam and digital beam forming. To enable this approach, a switched dual-mode RF feeding network is added at the receiver frontend and a DSP module is introduced to digital processing, together with a digital base band (DBB) first-and second-order beam forming schemes. The resulting DPFP antenna is a structure consisting of a radiation element and a feeding network. While computer simulation is deployed during the design using an EM software, a prototype is fabricated and measured in chamber to validate the designated radiation characteristics.
The paper is organized as following: Section 2 gives a detailed physical description of the DPFP antenna and Section 3 introduces the beam forming algorithm used, together with the calibration technique necessary to for the deployment of beam forming. Section 4 contains the simulated radiation characteristics of the DPFP antenna and the measurement results that verify the target detection accuracy. Final conclusions are left Section 5. 
DESIGN METHOD FOR THE DPFP ANTENNA
Located on the surface of a cylindrical conductor, our DPFP antenna is made of two visible sub-structures i.e., a radiation element and a dual-mode feed network, as their structures shown in Figure 1 .
Radiation Element
The radiation element consists of a patch, four T-probe feeders and a circular truncated cone. The patch is a metallic ring of t 1 in thickness, with its inner and outer radii of r 0 and r 1 , respectively. The patch at its central area is mechanically supported by a metallic cylinder box, where the box in height of h 1 , with its inner and outer radii of r 0 and r 0p , is also served as the electrical RF ground and frequency tuning device for the patch, a function necessary to improve the symmetry of antenna radiation pattern. Each of the four T-probe feeders, as denoted by P a1 , P a2 , P a3 and P a4 in Figure 1 , is made of a small copper cap connected with a vertical copper cylinder. The thickness and radius of the cap are t 2 and r 5 , respectively, while the height and radius of the cylinder are h 1 and r 6 . The truncated cone made of aluminum, with a top radius r 2 , a bottom radius r 3 , and a height h 3 , is integrated with the cylindrical conductor of radius r 3 and height h 0 . Being used as the ground for the antenna, the cylindrical conductor has impact on the antenna performance, and therefore its size has to be taken into account during design. Table 1 summarizes the geometrical parameters of the structure. Here, the antenna bracket is a dielectric ring with the relative permittivity of 2.2. The inner radius of the ring is 41.5 mm and outer radius is r 2 . The four holes, with a radius r 6 and a height h 1 , are drilled to enable the assembling the feed-lines.
Dual-mode Feed Network
The proposed dual-mode feed network shown in Figure 2 consists of two sub-networks, denoted by Figure 2 ) and a balun (orange in Figure 2 ), where the balun in turn is a cascade of a wideband 90
and a quarter-wavelength transmission line (
The design of the hybrid coupler is based on the method of [17] and the principle circuit is shown in Figure 2 (a). To fit the coupler into the physical space provided by the DPFP feed network, it was mapped into the orange structure shown in Figure 2 (b). Using IE3D software, we could optimize the coupler and have achieved a fractional bandwidth of 70%.
As results, the feed network parameters are obtained and shown in Table 2 . In Figure 2 (b), the right hand half (green) of the feed network is roughly a mirror of the left half. The microstrip dimensions of the feed network are shown in Figure 2 (c).
The two sub-networks can be operated at two different modes: Mode 1 and Mode 2.
Mode 1 is defined by the anti-phase excited feeding, and is realized by combining a hybrid circuit and a transmission line. Mode 2 is defined by the co-phase excited feeding and is realized by a power divider. The selection of operating mode is accomplished by setting the electrically ON and OFF states using the eight PIN switches D j (j = 1, 2, . . . and 8). The electrical states configurations of the PIN switches for the Modes are given in Table 3 .
Each pair of the antenna feeding points in the RF circuits ( 
, is electrically connected with each pair of the T-probe feeders, denoted by P a1 − P a2 and P a3 − P a4 , through four holes drilled in the antenna bracket. Therefore, (
) are used, with anti-phase and co-phase excitation, respectively, resulting in the orthogonal linear polarizations of the radiated electromagnetic fields. 
HYBRID BEAMFORMING ALGORITHMS
For the estimation of the direction of arrival it is necessary to collect the radiation pattern for both Mode 1 and Mode 2 simultaneously. To achieve this, the receiver is designed to allow for a time division multiplexing operation: The sample time is defined in consecutive repetitive time slots T 1 and T 2 , where T 2 and T 1 are sampling time and T 2 = T 1 = 0.2083 ns. During the operation, Mode 1 and Mode 2 are turned on and off alternately. For instance, shown in Figure 3 , in T 1 the Mode 1 is on and Mode 2 is off, and in T 2 the Mode 1 is off and Mode 2 is on. By doing this we obtain samples for Mode 1 in T 1 and samples for Mode 2 in T 2 , repetitively and respectively. Within the aforementioned time multiplexing reception scheme, the application of DPFP antenna can be enabled in the following three steps:
(1) Construct the sum and difference beam pattern of the received signals in the T 1 and T 2 , by using down converted and digitized the received radio signal. (2) Calculate the first-order radiation pattern F (1) (θ) in the digital domain by using the sum and difference value. (3) Compute the second-order radiation pattern F (2) (θ) by differentiating F (2) (θ) from the elevation angle θ.
Generally speaking, function F (1) (θ), as a function of θ, reaches the maximum at the direction of the arrival, i.e., θ = 0. However, due to the complexity of the real propagation environment and the receiver system, there exists uncertainty of the angle resolution. To reduce this uncertainty, the second-order radiation pattern F (2) (θ) is introduced, because the sign of F (2) (θ) can be used to remove the non-uniqueness of the angle and the absolute value can help determining how close the angle of arrival is to θ = 0. Before applying the beam forming algorithm, a calibration is necessary for the DPFP antenna ports. As shown in Figure 4 , the calibration system consists of a half-wavelength vertical dipole as transmitter located at (x, y, z) = (0, 0, 1.7 m), which is shown by the red point in Figure 4 , a DPFP antenna as receiver located at (x, y, z) = (0, 0, 0), and a four channel oscilloscope connected to the DPFP antenna. The system is installed in a microwave chamber and a continuous sinusoidal wave at frequency 1.25 GHz is transmitted by the dipole antenna.
During the calibrations, the received signals from different ports of the DPFP antenna are measured using the LeCroy 104Xi oscilloscope, The received signals are digitized and transformed, using FFT, into frequency domain, resulting in the channel transfer function denoted by Figure 5 (b) shows the transfer functions after the calibration in polar coordination system. It should be pointed out that the channels mentioned here refer to a chain of components: dipole antenna, free propagation path, the DPFP antenna system and the receiver, which are located between the two reference planes, i.e., z = 1.7 m and reference plane, in Figure 3 . Thus, there are four different channels and each corresponds to a unique port of the DPFP antenna.
First-order Beam Forming
The electric field E 0 (θ, ϕ) arrives at the DPFP antenna, as shown in Figure 6 , the received signals at Ports A 1 , A 2 , A 3 and A 4 can be described by
−jkd sin θ sin ϕ (4) where G i (θ, φ) (i = 1, 2, 3 and 4) is the gain pattern of the calibrated antenna for the electric field at port A i , while the other antenna ports P ai are terminated by a 50 Ω load. In (1)-(4) the parameter d is the distance between P a1 and P a2 (or P a3 and P a4 ), and k is the wave number. To simplify our analysis, we look at ϕ = 0 • and 90 • , and consider the signal sum and difference Σ 12 , Σ 34 , ∆ 12 and ∆ 34 , respectively, i.e.,
The first-order radiation pattern F (1) (θ) is the ratio of anti-phase excited gain pattern to the co-phase excited gain pattern. In specific, for ϕ = 0 • (A 1 and A 3 ) and ϕ = 90 • (A 2 and A 4 ), it is
Second-order Beam Forming
There is still uncertainty in F (1) (θ) in terms of detection of elevation angle θ angles. To remove the uncertainty, and thus improve the detection reliability, second-order gain pattern F (2) (θ) which is deployed is defined by
where θ n = nπ/180, n = 1, 2, . . . N , and F (2) (θ n ) is the nth sampled value of the angle spectrum series, with ϕ = 0 • and ϕ = 90 • .
RESULTS AND DISCUSSION

S -Parameters
Based on the parameters provided by Figures 1 and 3 , the proposed DPFP antenna is simulated using the commercial software SEMCAD [18] . Then, a prototype is fabricated and shown in Figure 7 . The substrate of feed network and bracket is chosen to be the Taconic RF-60A/PTFE, with the relative permittivity of 6.55/2.55, the loss tangent of 0.0028/0.001, and the height of 1.27/30.0 mm antenna. The simulated and measured S 11 -parameter at each T-probe feeder Port A i (i = 1, 2, 3 and 4) without the feed network is plotted in Figure 8 . Over the frequency range from 1.01 GHz to 1.79 GHz, the return loss is better than 10 dB. The deployment of two broadband baluns and two power dividers in the feed network has improved the isolation between the Ports P 1 and P 3 at Mode 1 over the given bandwidth. The transmission line A 2 −A 2 (A 3 −A 3 ) and the position of Port P 2 (or P 4 ) shown in Figure 2 require careful design to meet the requirements of feed network in both Mode 1 and Mode 2, while Port L 1 (or L 2 ) is terminated with 50 Ω load. Figure 9 shows the simulated return loss and the response of the 180 • balun. The relative bandwidth is about 75% when S P 1,P 1 ≤ −10 dB. Also, it is found that the balun can deliver balanced power splitting over the relative bandwidth of 37%, with S A1,p1 = S A2,p1 = −3 dB (±0.5 dB) and consistent 180 • (±5 • ) phase shifting over the band of 1.19-1.81 GHz. Figure 10 shows the simulated return loss and the response of the power divider. The 10 dB return loss bandwidth over 78% is obtained. It is seen that the power divider can deliver balanced power splitting over the relative bandwidth of 55%, with S A1,P 2 = S A2,P 2 = −3 dB (±0.5 dB) and consistent 180 • (±5 • ) phase shifting over the frequency band of 1.12-1.82 GHz.
The simulated and measured S-parameters of the antenna at Mode 1 are shown in Figure 11 (a), with the 10 dB return loss bandwidth of 57% and more than 30 dB isolation over the band of 0.96-1.78 GHz. Figure 11(b) shows the simulated and measured Sparameters of the antenna at Mode 2, where the relative bandwidth is about 37% for S P 2,P 2 ≤ −10 dB. (a) The four ports of the radiation element can be seen as port pairs P a1 /P a2 and P a3 /P a4 . The distance between ports for each pair is 2r 4 , giving the lower limit of the working bandwidth, while the upper limit of the working bandwidth is given by 2r 1, the diameter of the radiation patch. (See Figure 1) . Correspondingly, r 4 and r 1 are chosen equal to λ g1 /2 and λ g2 /2, where λ g1 and λ g2 are the guided wavelengths of the lower and higher limit of the working bandwidth, respectively. (b) The T-probe feeders are vertical to the feed network and the radiation patch, hence their input impedances measured at the feed network and the radiation patch exhibits different values. It is at largest at the top, i.e., P a1 . On the other hand there is a capacitive coupling between the edge of the radiation patch and P a1 . Therefore, the dimension of the T-probe feeder is chosen so as to provide properly impedance transform from 50 Ω at the point P 1 to the impedance at the point P a1 . 4 . Therefore, only a single polarized radiation pattern of the DPFP antenna is needed to see the performance. This is shown for Modes 1 and 2 in Figure 13 . As expected, the radiation pattern is symmetric for both modes, with good agreement between the measurement and simulation. As also indicated by Figure 9 , the DPFP antenna possesses a resonant point at 1.6 GHz, when the half-wave length, i.e., 93.7 mm is within the vicinity of the main patch's diameter (92.2 mm).
Radiation Patterns
(a) (b) Figure 13 . Simulated and measured radiation patterns of the DPFP antenna, with the Ports P 1 or P 3 excited and Ports P 2 and P 4 terminated with the 50 Ω load, respectively. (a) ϕ = 0 • and (b) ϕ = 90 • .
As Figure 13 indicates, the antenna behaves like two connected one-quarter wavelength planar inverted F antennas for the co-phase excitation (Mode 1) with anti-symmetrical current distribution. For anti-phase excitation (Mode 2), the antenna behaves like two connected one-quarter wavelength planar inverted F ones, with symmetrical current distribution.
The first-order radiation patterns of the DPFP antenna at 1.25 GHz are plotted in Figure 14 , when Ports P 1 and P 3 are excited while Ports P 2 and P 4 are being terminated by the 50 Ω load. Although the figure only shows three types of radiation patterns of single and double excited modes, it is easy to conclude that by an adequate excitation of these four ports, any two-dimensional radiation pattern, depending on θ and ϕ, can be obtained. 
Validation by Measurement
For the measurement, the transmitting dipole antenna is put into the reference coordinate system, where the DPFD antenna is located at the origin, with z = 1.7 m and θ = 0 • . Then, the dipole antenna is moved along a circle centered at (x, y, z) = (0, 0, 1.7 m). Thus, the trajectory of the measurement points and the DPFP aperture center make together a cone with apex at the aperture center and measurement points on the perimeter. By changing the radius of the perimeter, values of different theta can be obtained. The results from measurement and simulation are shown in Figure 15 . To visualize the accuracy, four sampled points, i.e., M 1 , M 2 , M 3 and M 4 , are chosen, to compare with the corresponding simulated values. As shown in Table 4 , the difference between the simulated and the measured data is within 3 • .
For the tracking measured we have deployed the second-order beam forming algorithm. As mentioned in Section 3.1, the secondorder beam pattern F (2) (θ) is the derivation of the first-order beam pattern F (1) (θ), with respect to theta. Figure 16 shows the F (2) (θ) computed from the simulated and measured F (1) (θ), respectively.
CONCLUSION
We have presented a compact broadband four-port DPFP antenna, in which we designed the antenna structure, measured the parameters and validated a beam forming algorithm. The miniaturized antenna is 150.0 mm in diameter and 47.0 mm in height, and is capable of operating over the frequency range of 1.0-1.8 GHz, with S 11 < −10 dB and 5.5 dBi single port gain. It is found that 10 dB return loss bandwidth is over 57% and more than 30 dB isolation is over the band of 0.96-1.78 GHz for single as well as dual polarized operations when the radiation element integrated with the feed network. A system level test bed is designed for the validation. Using the test bed, the implemented beam forming algorithm is validated using a fabricated DPFP antenna sample. A good agreement between the simulated and measured results is achieved. The system level experiment confirms that its angular detection accuracy of 7 • can be achieved. With this performance, we believe that the DPFP antenna can be used for many wireless communications applications.
